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Abstract. Growth of tagged juvenile pink abalones ( Haliotis corrugata ) in the field and laboratory 
ranged from 11 to 16 mm per yr; adult annual growth ranged from 4 to 8 mm. Adults transplanted 
from shallow water to near their lower depth limit grew hardly at all. Juvenile green abalones ( H . 
Julgens) tagged in the field and laboratory grew from 13 to 16 mm per yr; adult annual growth ranged 
from 4 to 7 mm. Transplants to depths below the normal limit did not grow. For white abalones (. H. 
sorenseni) in the laboratory, juveniles grew 25 mm per yr, adults grew 10 mm per yr. In the field adults 
showed little shell growth, probably because they actively eroded their shells on the experimental tiles 
to which they had been transplanted. In all species smaller individuals grew faster in absolute length 
than did larger ones, independent of treatment. Growth rates calculated from polymodal size frequency 
analyses agreed closely with those from direct observations of tagged individuals. Based on these data, 
von Bertalanffy growth curves were constructed. Relative growth in soft-body weight decreased gradually 
with increasing size. All three species showed seasonal variations in growth; each species had a different 
season of maximum growth. During the autumn when gonad growth occurs in adult pink abalones, 
growth was significantly lower than in the preceding summer or the following winter. Juvenile pink 
abalones did not show this pattern. These results suggest that there may be a shift in energy allocation 
into reproduction and away from growth in this species. Adult pinks and greens would eventually reach 
a maximum size in about 50 yr; whites would do so in about 34 yr. 


INTRODUCTION 

This study was undertaken as part of a comparative 
investigation of three species of abalones, Haliotis julgens 
Philippi, H. corrugata Wood, and H. sorenseni Bartsch, 
referred to here as the green, pink, and white abalones 
respectively, in southern California. Growth rates are im¬ 
portant indicators of well-being in a population and are 
also useful in estimating age when no other direct method, 
such as annual rings, is available. We have measured vari¬ 
ations in growth rates under different environmental con¬ 
ditions and in different seasons for the three species and 
have compared these to the growth of other species else¬ 
where. We have also fitted mathematical models of growth 
with age to make predictions for older ages where data 
are scarce. 

AREA and METHODS 

All collections were made between April 1969 and April 
1973 in the Isthmus region of Santa Catalina Island within 
an 800-m radius of the coordinates 33°27 , N, 118°29'W. 


1 Reprint requests should be sent to the second author. 


The depths and frequency of collections are described in 
more detail below. This area faces the mainland across 
the 32-km-wide San Pedro Channel and thus is protected 
from westerly and southwesterly oceanic swells and the 
occasional southeasterly storms occurring in this region, 
but is exposed to wind and waves from the northwest, 
north, and northeast. Except for periods of northwest 
storms, there is very little wave action, but the area is 
regularly swept by strong tidal currents that sometimes 
reach a speed of 3 knots. There are dense beds of giant 
kelp (Maerocystis pyrifera (Linnaeus) C. A. Agardh) along 
the shore and on offshore reefs. These beds extend from 
approximately 2 to 20 m below MLLW. A dense under- 
story beneath the Macrocystis canopy is comprised of a 
variety of red and brown algae. Between the 20- and 40- 
m-depth levels, the large leaf kelps Laminaria farlowii 
Setchell and Agarum jimbriatum Harvey are the dominant 
algal forms. 

Direct Observations of Marked Individuals 

We followed the growth of individual abalones (1) under 
laboratory conditions, (2) in cages on the sea floor, and 
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(3) marked, released in the wild, and then recaptured. For 
these studies, each animal was marked with a numbered 
stainless steel tag attached to the shell by means of a stain¬ 
less steel wire looped through two adjacent respiratory 
pores, similar to Crofts (1929). A notch was filed in the 
shell margin in such a way that a small triangular area 
of nacre would remain exposed on the outer shell surface 
following shell growth (Leighton, 1968), thus assuring 
that growth could still be measured in the event of loss of 
the tag. Growth was measured as the increment to anterior- 
posterior shell length. Weight-length relationships were 
determined for each species from large series of animals 
collected and killed for reproductive studies (Tutschulte 
& Connell, 1981). 

In the laboratory, animals were held in running, aerated, 
ambient seawater at the University of California, Santa 
Barbara, with food (blades of Macrocystis pyrijera) always 
present. Each animal was remeasured at intervals for one 
or more years. In the field, three difTerent types of exper¬ 
iments were done. In the first, animals held in cages on 
the sea floor were provided with refuges consisting of 30 
x 15 x 2.5-cm clay roofing tiles stacked with 2.5-cm 
spacers between them. Each rack of tiles was enclosed in 
a cage constructed of neoprene mesh having square open¬ 
ings 8 mm on a side. Food, consisting of the various brown 
and red algae in approximately the same proportions as 
encountered by the abalones in nature (Tutschulte & 
Connell, in press), was put into each cage at monthly 
intervals and in sufficient quantity that some algae re¬ 
mained at the end of each interval between feedings. The 
cages were placed at depths of 2 and 9 m. The animals 
were remeasured at 3- to 4-month intervals over periods 
of up to 13 months. In this series, new animals suitably 
tagged were added between intervals to replace abalones 
that had died. The second field series consisted of releasing 
marked pink and green abalones at 5 m depth on natural 
substrates from which all abalones had been removed; 
survivors were remeasured after 1 yr. In the third field 
series, abalones whose shell margins had been notched, 
but which were not individually tagged, were released onto 
a pile of roofing tiles at 9 and at 20 m. The tiles had been 
arranged on the sea floor several months before the aba¬ 
lones were released onto them and thus had been leached 
and had accumulated a growth of benthic diatoms and 
attached algae, which provided food for the smaller aba¬ 
lones. 

Growth Estimates from Analyses of 
Size-Frequency Data 

A method of estimating growth from an analysis of 
polymodal size-frequency distributions using probability 
paper (Harding, 1949; Cassie, 1950, 1954) was used to 
extract year classes from population samples taken at in¬ 
tervals over a 2-yr period. This method dissects the ob¬ 
served polymodal curves into a series of overlapping nor¬ 
mal curves. Information on spawning times (Tutschulte 


& Connell, 1981) was used to estimate the age of each 
mode. For example, since the greens have a single spawn¬ 
ing season in July-August each year, the age of each mode 
of a sample taken in April was estimated to be a year class 
plus 0.75 yr. Thus, the zero-year class in that sample was 
estimated to be 9 months old, the one-year class to be 21 
months old, and so on. Calculated growth rates for com¬ 
parison to those directly observed were derived from a 
linear regression of mean shell lengths of year classes on 
estimated ages for the first 4 yr for pinks and first 6 yr 
for greens and whites. 

The use of length-frequency analysis allows us to link 
growth to age, using the fitted growth curves described 
below. However, it is necessarily a less direct method for 
estimating growth than observations of marked individu¬ 
als. Therefore, we used it only after comparing its results 
to those from the direct observations. The two methods 
gave very similar results (Table 1). 

While many workers have applied the probability paper 
method used here (Harding, 1949; Cassie, 1950, 1954; 
Newman, 1968; Poore, 1972; Tutschulte, 1976; 
Sainsbury, 1982), other statistical methods have also been 
developed to separate year classes in length-frequency data 
(< e . g ., Hasselblad, 1966; Yong & Skillman, 1975; 
McNew & Summerfelt, 1978; Macdonald & Pitcher, 
1979; Schnute & Fournier, 1980; Fournier & Breen, 
1983; Shepherd & Hearn, 1983). In one instance 
(Sainsbury, 1982) the probability paper method of Cassie 
(1950) was compared to the statistical method of Yong & 
Skillman (1975), using data from an abalone in New 
Zealand. In 13 of 15 comparisons of the mean length of 
a particular age class, the estimates of the two methods 
differed by less than 8%. Thus, the two methods gave quite 
similar estimates of size at a given age for an abalone. The 
closeness of this comparison, and the similarity of the growth 
rates from our direct observations to those calculated by 
the probability paper method, lend confidence to this meth¬ 
od. 

Fitted Growth Curves 

To describe the growth of abalones mathematically, we 
used growth models developed for fish populations (Rick¬ 
er, 1975). Early work by Brody (1927) described the 
increase in length of domestic animals as an S-shaped 
growth curve, with the early growth stanzas having an 
increasing slope over time and the later ones having a 
decreasing slope. Since our growth measurements were 
mainly on animals older than about 0.3 yr, we have as¬ 
sumed, as in most work on growth of fish and invertebrates, 
that this growth is best described by a curve of decreasing 
slope. 

We have used two different growth models. The first 
was proposed by von Bertalanffy (1934, 1938, 1960). 
Fabens (1965) has derived the following simplified equa¬ 
tion for the von Bertalanffy growth curve for length vs. 
age: 
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Figure 1 



ESTIMATED AGE (YRS) 

Figure 2 


Growth of pink abalones ( Haliotis corrugata). The points shown 
as O and A were derived from analyses of polymodal size fre¬ 
quencies from pooled samples taken in 1971 and 1972, n = 509 
and 685, respectively. The continuous curve was calculated from 
a von Bertalanffy equation, with AT — 0.097 and asymptotic size 
of 202 mm (see text). 

L = LM - be~ Kt ). (1) 

This is a curve of the decaying exponential type in which 
the animal reaches half of the difference between* length 
at birth (equivalent to the size at which they settle on the 
substrate from the plankton), L 0 , and the asymptotic max¬ 
imum length, at age t = In 2/AT. Because the von 
Bertalanffy growth equation fits the growth data of a wide 
variety of animals ( e.g. 3 fish, mammals, and many inver¬ 
tebrates, including some prosobranch mollusks) and be¬ 
cause . . the underlying concepts are . . . the most sat¬ 
isfactory of those which have so far been put forward . . 
(Beverton & Holt, 1957), the model has gained rather 
wide acceptance among biologists, at least for descriptive 
purposes, and has been incorporated into methods devised 
for estimating individual growth rates and population mor¬ 
tality rates from size data for fish or various invertebrates 
{e.g. 3 Beverton, 1954; Fabens, 1965; Green, 1970; Ebert, 
1973,1975,1980; Schnute & Fournier, 1980), including 
abalones ( e.g. } Forster, 1967; Newman, 1968; Poore, 
1972; Tutschulte, 1976; Hayashi, 1980; Sainsbury, 
1982; Shepherd & Hearn, 1983; Fournier & Breen, 
1983). 

The von Bertalanffy curves for each species in Figures 
1-3 were obtained by setting of equation (1) equal to 
the maximum size that we have observed for each species 
and L 0 equal to 1.0 mm at age 0.1 yr (LEIGHTON, 1972, 
found that white abalones reached 0.7 mm at 0.1 yr in the 
laboratory). The value for t at length (!«, 4- L 0 )/2 was 
determined from the data in Figures 1-3, which were 
obtained from size-frequency data as described above (see 


Growth of green abalones {Haliotis julgens). The points were 
determined from analyses of polymodal size frequencies from 
pooled samples taken in 1970 to 1972, n = 444. The continuous 
curve was calculated from a von Bertalanffy equation, with K = 
0.101 and asymptotic size of 205 mm (see text). 

Tutschulte, 1976, for details). This t value was then 
used in the model relationship t = In 2/AT at length (L 
+ L 0 )/2 to calculate AT (Fabens, 1965). The third param¬ 
eter 6 becomes eliminated by algebraic manipulation as 
shown by Fabens (1965). 

A second mathematical equation of the decaying ex¬ 
ponential type was used to calculate growth coefficients 
and asymptotic sizes from data on direct observations of 
marked individuals. Ford (1933) (see also Walford, 1946) 
developed the expression: 

L t+X — L 00 ( 1 — k) + kL t (2) 

where the growth coefficient k = e~ K , in which K is the 
von Bertalanffy coefficient in equation (1). This equation 
expresses a type of growth in which the increment in each 
year is less than that in the previous year by the fraction 
(1 — k) of the latter (Ricker, 1975). If L t+l is regressed 
against L n k is the slope of the line and the intercept is 
Aoo (1 — A), from which can be calculated. These 
regressions were calculated from direct measurements of 
marked individuals, with L t being the initial length and 
L l+X being the length after 1 yr. 

The von Bertalanffy equation (1) can be used to predict 
the age at any future size. From it Fabens (1965) derived 
the following equation (his equation 4.1): 

L i+ai = u + (L. - L,)( 1 - *-«0. (3) 

Rearranging and solving for At: 

At = ln[l - (L, +4 , - 4,)/a» - L,)]/~K. (4) 

We used equation (4) to calculate the average age at which 
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Growth in the field: The average growth rate of the group 
of pinks <100 mm initial length released on tiles at 9 m 
depth was about Vi higher than that of those held in cages 
nearby at the same depth (Table 1). Of a large group of 
tagged juvenile pinks released at 5 m depth in a 20-m 2 
area of natural substrate from which all abalones had been 
previously removed, 16 survivors were recovered over a 
year later. This group grew in the wild at about the same 
rate as the uncaged pinks on the tiles (Table 1). Although 
only 10 green abalones smaller than 100 mm survived to 
be measured after a year on the seabed, their growth rates 
were about the same whether they were in cages, on tiles, 
or released on natural substrate, and all were similar to 
the rates in the laboratory (Table 1). 

Larger pinks, greens, and whites grew slower than 
smaller ones in all treatments (Table 2). (Complete data 
on growth of each individual, with graphs of growth in¬ 
crement vs. initial size for each treatment, are given in 
Tutschulte, 1976.) The only instance in which this re¬ 
lationship differed among treatments was with white ab¬ 
alones (Table 2), owing to the fact that, in the field, only 
large individuals were observed. The values of the growth 
coefficients and asymptotic sizes, calculated with equation 
(2) from the data on observations of marked individuals, 
are given in Table 3. 

Growth Rates Derived from 
Size-Frequency Data 

The analyses of polymodal size frequencies of collections 
of pink abalones in the summers of 1971 and 1972 yielded 
the results shown in Figure 1. Because these two pooled 
samples were very large, we were able to use this method 
for size frequencies up to approximately 150 mm. Analyses 
of two larger samples (n = 1881 and n = 1822) from the 
pink population at Santa Cruz Island taken in March 
1975 yielded very similar results (Tutschulte, 1976, ap- 

Table 1 


Annual growth rates expressed as shell length increment in mm of small and large abalones (pinks, Haliotis corrugata ; 
greens, H.julgens ; whites, H. sorenseni). Values are mean/SD ( n ). 



Pinks: initial length (mm) 

Greens: initial length (mm) 

Whites: initial length (mm) 

Treatment 

<100 

>100 

<100 

>100 

<100 

>100 

1. Held in laboratory 

11.5/6.5 

(175) 

8.0/6.6 

(13) 

13.6/6.0 

(24) 

— 

25.1/11.7 

(10) 

9.9/6.6 

(9) 

2. On tiles on the seabed 

14.8/3.6 

3.9/2.9 

13.6/2.9 

4.0/2.4 

— 

1.7/1.8 

at 9 m depth 

(7) 

(26) 

(3) 

(15) 


(17) 

3. On tiles on the seabed 
at 20 m depth 

— 

0.5/0.8 

(35) 

— 

0.1/0.3 
(19) 

— 

1.3/1.7 
(15) 

4. Caged on seabed at 9 m depth 

11.7/4.8 

(25) 

— 

13.0/7.7 

(5) 

7.0 

(1) 

— 

— 

5. Marked, released in wild 
for 1 yr at 5 m depth 

16.4/7.1 

(16) 

— 

13.0/9.2 

(2) 

— 

— 

— 

6. Derived from size frequencies 

16.4 

— 

16.0 

— 

23.3 

— 


Details of dates and initial sizes given in TUTSCHULTE, 1976. 



ESTIMATED AGE (YRS) 

Figure 3 

Growth of white abalones {Haliotis sorenseni). The points indicate 
the individual values from Table 4. The continuous curve was 
calculated from a von Bertalanffy equation, with K = 0.154 and 
asymptotic size of 210 mm (see text). 

an abalone would grow to within 1 mm of its asymptotic 
size. 

RESULTS 

Annual Growth of Marked Individuals 

Laboratory growth: Increments of shell lengths of pink, 
green, and white abalones held in the laboratory are given 
in Table 1. These growth rates show the same pattern 
evident in the rates obtained by the other three methods: 
small whites grow about twice as fast as small pinks and 
greens, the latter two species appearing to grow at quite 
similar rates. 
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Table 2 

Growth increment vs. initial size; tests of whether the 
slopes of regressions were significant and equal among the 
treatments given in Table 1. 


A. Pink abalones 

1) Analysis of covariance 

Source 

df 

Mean 

square F 

P 

Initial size 

1 

2334.25 68.27 

0.0001 

Treatment 

3 

58.19 1.70 

0.17 

Size x treatment 

3 

77.95 2.28 

0.08 

Error 

254 

34.19 


2) Mean values 

Depth 

Mean an¬ 
nual 
growth 
increment 

Mean 

Treatment 

(m) 

(mm) initial size 

1. Laboratory 

— 

11.27 

55.4 

2. Tiles on seabed 

9 

6.36 

109.6 

4. Caged on seabed 

9 

11.72 

39.2 

5. Released in wild 

5 

16.44 

31.8 

B. Green abalones* 

1) Analysis of covariance 

Source 

df 

Mean 

square F 

P 

Initial size 

1 

1047.82 48.89 

0.0001 

Treatment 

2 

27.38 1.28 

0.29 

Size x treatment 

2 

53.89 2.51 

0.09 

Error 

41 

21.43 


2) Mean values 

Depth 

Mean an¬ 
nual 
growth 
increment 

Mean 

Treatment 

(m) 

(mm) initial size 

1. Laboratory 

— 

13.5 

53.8 

2. Tiles on seabed 

9 

5.6 

113.8 

4. Caged on seabed 

9 

13.0 

33.3 

C. White abalones 

1) Analysis of covariance 

Source 

df 

Mean 

square F 

P 

Initial size 

1 

2301.29 35.14 

0.0001 

Treatment 

1 

630.48 9.63 

0.0040 

Size x treatment 

1 

63.25 0.97 

0.3331 

Error 

32 

65.49 



Table 2 
Continued. 


2) Mean values 

Depth 

Mean an¬ 
nual 
growth 
increment 

Mean 

Treatment 

(m) 

(mm) 

initial size 

1. Laboratory 

— 

17.89 

85.79 

3. Tiles on seabed 

9 

1.67 

135.77 


* For green abalones, the treatment “released in wild” had 
only two individuals, so was not included in this analysis. 


pendix fig. 1). Both samples show that up to about 70 mm 
shell length (age 4 yr), growth rate is approximately linear 
at 16.4 mm/yr, but declines progressively thereafter. A 
von Bertalanffy curve was fitted for growth of pinks (Fig¬ 
ure 1). The growth coefficient and asymptotic sizes are 
given in Table 3. As can be seen, they are similar to those 
calculated from equation (2) with the exception of the one 
based on individuals from the sea floor, which had a smaller 
asymptotic size. 

The results of the polymodal frequency analyses of the 
green population samples are given in Figure 2. These 
data suggest that growth in length of green abalones is 
approximately linear over the first 6 yr at a rate of about 
16.0 mm/yr. These samples were too small to use a poly¬ 
modal analysis for sizes above 100 mm. Therefore, since 
the growth of pink abalones appears to be closely approx¬ 
imated by a von Bertalanffy curve after they reach sexual 
maturity (Figure 1), we have assumed the growth of green 
abalones follows the same pattern and have fitted a von 
Bertalanffy curve for growth (Figure 2). The growth coef¬ 
ficient and asymptotic size are given in Table 3; they agree 
well with those calculated from direct observations of 
marked individuals. 

For white abalones, large samples are difficult to obtain 
since the population lives at greater depths than the other 
species. Because data on this species are scarce, we present 
an analysis of two small samples collected during search 
dives at a depth of 33 m in late November of 1971 and 
1972. All spawning in the white population at Santa Cat¬ 
alina Island occurred in one short period, in March for 
the three preceding years (Tutschulte & CONNELL, 1981). 
Assuming that average annual growth rates do not vary 
among years, we grouped the size data as shown in Table 
4. If the mean values of each group are plotted against the 
age estimates we have attributed to them, the results are 
consistent with a linear growth rate for the first 5 yr that 
is nearly double those of pinks and greens and very similar 
to the rate observed for whites in the laboratory (Table 
1). The limited data indicate that older whites grow slower. 
A von Bertalanffy curve was fitted for growth (Figure 3). 
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Table 3 


Calculated values of growth coefficients, asymptotic sizes, and age at 1 mm less than the asymptotic size, for three species 
of abalones. The laboratory and sea-floor data are from direct observations of marked individuals. 




von Bertalanffy growth coefficient 

Asymptotic size 

Age at 

(L^ — 1.0 mm) 

Species 

Source of data 

n 

K 

(mm) 

yr 

A. Ford model (equation 2) 





Pinks 

Laboratory 

188 

0.080 

201 

57.6 

Pinks 

Sea floor, 5 & 9 m 

74 

0.109 

169 

40.7 

Pinks 

Size frequencies, 1971 

15 

0.090 

185 

50.3 

Pinks 

Size frequencies, 1972 

14 

0.089 

184 

50.8 

Greens 

Sea floor 

26 

0.092 

179 

48.8 

Whites 

Laboratory 

19 

0.142 

221 

33.1 

B. von Bertalanffy model (equation 1)* 





Pinks 

Size frequencies, 1971 

509 

0.097 

202 

54.5 

Pinks 

Size frequencies, 1972 

685 

0.098 

202 

54.1 

Greens 

Size frequencies, 1970-1972 

24 

0.101 

205 

52.9 

Whites 

Size frequencies, 1971-1972 

13 

0.152 

210 

35.0 


* For the von Bertalanffy model, asymptotic size was taken as the largest individual found. 


The growth coefficient and asymptotic size are given in 
Table 3; they agree well with those calculated from direct 
observations of marked individuals. From the different sets 
of data, the average ages at which these abalones would 
reach lengths within 1 mm of maximum were calculated, 
using equation (4). They are about 34 yr for whites and 
about 50 yr for pinks and greens (Table 3). 

Variations in Growth Rates by Season 

Average growth rates for periods of about 3 months for 
pinks caged at 9 m depth varied by a factor of four, with 
the highest value in spring and early summer (April to 
July) followed by the lowest rate in late summer and 
autumn (July to November), as shown in Tables 5 and 6. 
Lower rates were also shown in the other seasons by both 
this group and a second group of pinks at 2 m. Green 
abalones in the cages at 9 m depth showed seasonal average 
growth rates that varied six-fold, from a low value in the 
late winter (January to April) to a high rate in the late 
summer/autumn (July to October). The group of greens 
held at 2 m depth grew at about the same rate as those 
caged at 9 m in the same season. All seasonal variations 
were statistically significant (Table 6). 

In the laboratory, similar patterns of seasonal variations 
in growth rates were shown by pinks (faster in spring- 
summer, slower in autumn-winter), but greens grew fast¬ 
est in winter-spring and slowest in summer (Table 7). 
Whites held in the laboratory also exhibited a seasonal 
growth pattern, most rapid in winter-spring and slowest 
in autumn. Thus, each species had a different season of 
maximum growth: pinks in spring to early summer, greens 
in late summer to winter, and whites in spring. 

To test the hypothesis that a shift in energy allocation 
into reproduction causes a reduction in growth, the growth 


rate during the season of most rapid gonad enlargement 
was compared to that in the preceding and following sea¬ 
sons. If the hypothesis is correct, growth of adults should 
be significantly less in the reproductive season than in the 
other seasons. Juveniles, on the other hand, should not 
show this pattern. Sufficient data exist only for pink ab¬ 
alones in the laboratory; pinks mature at 40 to 50 mm 
length, and gonads enlarge in the autumn (TUTSCHULTE 
& Connell, 1981). Table 7 shows that growth in indi¬ 
vidual adult pink abalones was significantly less in autumn 
than in the preceding summer or the following winter. 
Juvenile growth decreased between summer and autumn 
but did not increase the next winter. These data are con¬ 
sistent with the hypothesis of a shift in energy allocation 
from growth into reproduction during the season of rapid 
gonad enlargement in adult pink abalones. 

Variations of Growth with Depth 

Pinks and greens in shallow water (less than 10 m depth) 
appear to grow at about the same average annual rates 
(Table 1). In an experiment in which large greens and 
pinks collected from a 5- to 7-m depth band were trans¬ 
planted to an artificial habitat at 20 m, the pinks grew 
slowly at this much greater depth, while the greens did 
not grow at all (Table 1). In fact, the few greens that 
survived this transplant for 4 yr lost more than one-half 
of their body weight over a 2-yr period (Tutschulte, 
1976). This is probably related to the lower temperatures 
and the decreased abundance of food at greater depths 
(Tutschulte & Connell, in press). 

Large whites transplanted to artificial substrates at 9 m 
grew much slower than pinks and greens of similar size; 
some actually decreased in length (Table 1). \et whites 
brought into the laboratory (equivalent in some respects 
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Table 4 


Growth rates of white abalones from size frequencies (mm) 
grouped by eye. Collections from 33 m depth, November 
1971 and November 1972. 


Year 

class 

Estimated 
age (yr)* 

Observed 
shell length 

Mean/SD 
shell length 
of class 

Estimated 
annual 
growth rate 

0 

0.7 

11.0 





17.5 





23.5 

17.3/6.3 

23.lt 

1 

1.7 

40.5 





46.5 

43.5/4.2 

26.2 

2 

2.7 

55.5 





63.0 





63.0 





65.0 

61.6/4.2 

18.1 

3 

3.7 

77.0 





81.0 





95.0 





96.0 

87.3/9.7 

25.7 

4 

4.7 

112.0 





113.0 





114.0 

113.0/1.0 

25.7 

5 

5.7 

120.0 





122.0 





126.0 





126.0 

123.5/3.0 

10.5 

6 

6.7 

132.0 

— 

8.5 

7 

7.7 

145.0 

— 

13.0 

8 

8.7 

155.0 

— 

10.0 


* The white population in the Isthmus area of Santa Catalina 
Island spawned only in March during each of the four years of 
this study, 1970-1973 (TUTSCHULTE & CONNELL, 1981). Hence, 
whites of the zero-year age class were assumed to be 0.7 yr old 
in November, those of the 1-yr age class were assumed to be 1.7 
yr old and so on. 

t The annual rate for the zero-year class was calculated by 
assuming the growth rate was linear in the first year and adding 
33% to the calculated mean length of the 0.7 yr old group. 

to being transplanted to the shallow subtidal zone) grew 
much faster than pinks and greens under the same con¬ 
ditions. Whites placed on tiles at their natural depth of 20 
m also grew very slowly. We offer the following expla¬ 
nation for this apparent anomaly. 

The shell of an abalone is elongated along the anterior- 
posterior axis and most of the shell enlargement takes place 
by adding to the anterior end and to a lesser extent to the 
right side (see Poore, 1972, for detailed description). If 
this process takes place on a convex surface (the substrate 
where many large white abalones live), the margin of the 
shell aperture will not lie in a plane, as the margin of an 
oval platter does. When such a shell is placed on a flat 
surface, it will rest on the anterior and posterior ends with 
gaps on either side. Abalones rotate their shells up to 180° 
many times each day, grinding down the irregularities of 
the shell margin relative to the substrate. Thus, when 
transplanted to flat abrasive surfaces, such as the tiles used 
in these experiments, this behavior will abrade away the 


anterior and posterior ends. Whites have a much thinner 
shell than either pinks or greens, so that whites that had 
grown on a convex substrate would probably lose material 
from the anterior margin of the shell more rapidly and to 
a greater extent than either greens or pinks. In nature, the 
latter two species live mainly in cracks and crevices on flat 
surfaces, so the margin of their shell aperture tends to lie 
in a plane. Thus, pinks and greens placed on tiles will not 
wear away the anterior shell margin in the same manner 
as do whites. This loss in whites did not happen in the 
laboratory experiments, since the aquaria were made of 
acrylic or polyethylene plastic, both of which are softer 
than abalone shell. 

Growth in Weight 

Changes in body weight may or may not parallel those 
in shell length. To investigate growth in weight, we con¬ 
structed a relationship between the logarithms of wet soft- 
body weight (without shell) and shell length, using mea¬ 
surements from large numbers of animals collected for 
reproductive assays. These variables are very highly cor¬ 
related for each of the three species, as shown in Table 8. 
Using these equations the growth in weight for each species 
was calculated. As indicated by TUTSCHULTE (1976), the 
observed rates and the von BertalanfTy curves of relative 
weight change show that the rate of relative weight increase 
is highest for the smallest individuals and declines grad¬ 
ually with size. There is no abrupt discontinuity in the 
rate of decline at sexual maturity, which occurs at age 3 
to 4 yr in pinks, 4 to 5 yr in whites and 6 yr in greens 
(Tutschulte & Connell, 1981). 

DISCUSSION 

Our direct observations of growth rates for marked pink 
and green abalones agree closely for all treatments within 
species at the shallower depths and in the laboratory. When 
these species were transplanted to greater depths, and when 
large white abalones were transplanted from natural con¬ 
vex substrates to hard artificial ones, rates were lower. 
Since the former rates agreed among treatments and were 
similar to those based upon polymodal size-frequency anal¬ 
yses, we are inclined to accept them as reasonable estimates 
of growth of these three species at Santa Catalina Island. 

The approximately linear juvenile growth rates de¬ 
scribed here for pink, green, and white abalones are similar 
to those reported for Haliotis discus hannai Ino (Sakai, 
1962), H. tuberculata L. (Forster, 1967), H. midae L. 
(Newman, 1968), H. rufescens Swainson (Leighton, 1968), 
H. iris Martyn (Poore, 1972), and H. laevigata Donovan 
(Shepherd & Hearn, 1983). Growth rates apparently 
slow down after age 3 to 5 yr. 

The maximum lengths of these abalones range from 
about 100 mm for Haliotis tuberculata (Forster, 1967) to 
more than 280 mm for H. rufescens (Cox, 1962). The 
largest individuals that we collected were much smaller 


















T. C. Tutschulte & J. H. Connell, 1988 


Page 211 


Table 5 


Seasonal variations in shell growth rates of abalones held in the field in cages at two depths. 



Late summer/ 
autumn 

Early winter 

Late winter/ 
spring 

Spring/ 

summer 

Late summer/ 
autumn 

Early winter 




Inclusive dates 




24/VII/70 

16/X/70 

8/1/71 

14/IV/71 

23/VI 1/71 

20/XI/70 


to 

to 

to 

to 

to 

to 


16/X/70 

8/1/71 

14/IV/71 

23/VII/71 

ll/XI/71 

20/11/71 

Interval (days) 

84 

84 

96 

100 

111 

92 







Pinks 



Pinks (9 m depth) 



(2 m depth) 

n 

15 

25 

25 

25 

25 

24 

Mean initial length (mm) 

37.7 

39.2 

40.8 

43.7 

49.4 

37.8 

Mean growth rate (mm/100 days) 

2.11 

2.02 

3.08 

5.70 

1.44 

2.20 





• 


Greens 



Greens (9 m depth) 



(2 m depth) 

n 

4 

5 

5 

5 

5 

19 

Mean initial length (mm) 

39.5 

33.3 

34.2 

35.1 

39.9 

39.8 

Mean growth rate (mm/100 days) 

6.13 

1.43 

0.94 

4.80 

5.77 

1.50 


than the 254-mm (10-inch) maximum that Cox (1962) 
listed for these three abalones. The asymptotic sizes we 
calculated (Table 3) were, in all but one case, quite similar 
to the largest individuals we collected. 

The annual growth rates we report here for pink, green, 
and white abalones fall within the range of growth rates 
reported for other abalone species of similar maximum 
sizes with the exception of that of Shepherd & Hearn 
(1983). All but one of the abalone growth studies we have 
cited report annual rates of 15 to 30 mm for the first few 
years, followed by a progressive decline in annual growth 
rates. Only SHEPHERD & Hearn (1983) report signifi¬ 
cantly faster growth rates: first year growth of 40 to 50 
mm followed by 32 and 29 mm in the second and third 
years for Haliotis laevigata. 

The uniquely high rate of growth in the first year re¬ 
ported by Shepherd & Hearn (1983) was estimated by 
projecting the mean weekly growth rate of 0.9 mm for a 
group of 14- to 20-mm juveniles back to settlement. Thus, 
they estimated abalones 10 mm long to be about 11 weeks 
old. However, detailed measurements of young abalones 
indicate that their growth curve continually accelerates 
during early life. For example, Poore (1972) with Haliotis 
ins and Shepherd et al. (1985) with H. scalaris Leach 
found such a pattern. Likewise, white abalones reared in 
the laboratory by Leighton (1972, 1974) averaged 13.4 
mm at the age of 1 yr, whereas we found laboratory growth 
of 1- to 3-year-olds of 25.1 mm/yr. Thus, the abalones 
measured by Shepherd & Hearn (1983) were probably 
still in the phase of accelerating growth rate when mea¬ 
sured. If so, a linear extrapolation back to settlement would 
underestimate age and thus overestimate average growth 
rate. Whether the unusually high growth rates of Shep¬ 


herd & Hearn (1983) indicate true rates, or possibly are 
overestimates, requires further investigation. 

Good evidence exists ( e.g. y Crisp & Patel, 1961; 
LeCren, 1962; Murdoch, 1966) for the claim that the 
cost of reproduction may reduce growth and survival of 
some organisms. Thus, the generalization that the pro¬ 
cesses of growth, maintenance, and reproduction compete 
for the organism’s limited energy resources (Connell & 
Orias, 1964; Gadgil & Bossert, 1970) may apply to 
abalones. Tutschulte (1976) showed that both the total 
amount of gonadal material produced each year and its 
ratio to body-weight increment steadily increased following 
sexual maturity. 

The hypothesis that a shift in energy allocation into 
reproduction causes a reduction in growth is supported by 
some but not all of the evidence in this study. Growth does 

Table 6 


Analysis of variance of seasonal growth of abalones shown 
in Table 5, using the data for the last four seasons at 9 m 
depth. 


Source 

df 

Mean 

square 

F 

P 

1. Pink abalones 





Seasons 

3 

90.30 

30.00 

0.0001 

Individuals 

24 

5.67 

1.88 

>0.10 

Error 

72 




2. Green abalones 




Seasons 

3 

36.71 

11.21 

0.02 

Individuals 

4 

13.43 

4.10 

0.10 

Error 

12 
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Table 7 

Seasonal variation in growth rates of abalones held in the laboratory. Values are the increment/100 days, 

given as the mean/SD (n). 




Pinks 

Whites 


Greens: 

Season 

Immature, 
<50 mm 

Mature, >50 mm 

Immature, 

<100 mm 

Mature, 
>100 mm 

immature, 
<100 mm 

Winter/spring: 

— 

4.72/1.87 

17.50/1.13 

5.68/3.65 

7.06/1.73 

20 Dec 72-18 June 73 


(3) 

(3) 

(4) 

(2) 

Spring: 

10 March-18 June 73 

8.67/1.44 

(14) 

6.80/1.13 

(2) 

— 

— 

— 

Summer: 

7.06/1.48 

5.57/1.57 

8.16/1.67 

5.43/0.50 

2.88/0.06 

18 June-2 Oct 73 

(12) 

** 

(5) 

** 

(2) 

(3) 

(2) 

Autumn: 

3.87/1.67 

1.60/1.53 

3.07/0.06 

0.45/0.79 

4.80/2.16 

2 Oct 73-2 Jan 74 

(11) 

(6) 

** 

(3) 

(6) 

(16) 

Winter: 

ns 

3.25/1.89 

3.03/2.70 

4.13/1.12 

2.57/1.90 

5.48/1.69 

2 Jan-11 Apr 74 

(10) 

(6) 

(3) 

(3) 

(16) 

Comparisons of growth rates of individual pink abalones between certain pairs of seasons were 
pairs signed ranks test. The results are indicated as ** 0.01 > P > 0.001 and ns = P > 0.05. 

made using 

the Wilcoxon matched- 


slow down in older abalones, but not abruptly at the age 
of sexual maturity (Figures 1-3). However, as shown in 
Table 7, the growth of adult pink abalone was significantly 
less in the autumn, when gonads rapidly enlarge, than in 
the preceding summer or following winter. Since the ju¬ 
veniles also decrease in growth from summer to autumn, 
this seasonal reduction could be explained by reductions 
in temperature or by unknown other environmental 
changes. However, the fact that the growth of adults then 
increases in winter, whereas that of juveniles remains low, 
suggests that, once gonads have ceased enlarging in the 
late autumn, energy is again allocated to shell and somatic 
body growth in adults. 

Forster (1967) stated that the size at which growth 
decreased coincided with that of sexual maturity in Haliotis 
tuberculata. Paul et al. (1977) found that sexually mature 
H. kamtschatkana Jones held in the laboratory did not grow 
during the 90 days preceding spawning, then grew rapidly 
during the following 90 days. Shepherd & Hearn (1983) 

Table 8 

Weight-length relationships of pink, green, and white ab¬ 
alones. Regression of wet soft-body weight in grams on 
shell length in mm, using natural logarithms for both 
length and weight. 


Species 

n 

Slope 

Intercept 

r 

P 

Pink 

100 

3.23 

-10.46 

0.996 

C0.01 

Green 

86 

3.38 

-11.12 

0.996 

cO.Ol 

White 

109 

4.02 

-14.51 

0.929 

C0.01 


reported that for both H. laevigata and H. ruber Leach, in 
a location where sea temperature varies little and the food 
supply seems abundant all year, the period of gonad pro¬ 
duction coincides with a lower growth rate. In summary, 
some analyses of seasonal variations in growth and gonad 
production in abalones support the hypothesis that the cost 
of reproduction reduces growth. 
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